Abstract. The effects of intravenous administration of angiotensin II on renal water and electrolyte excretion were examined during hydropenia, water diuresis, and hypotonic saline diuresis in anesthetized normal dogs and dogs with thoracic inferior vena cava constriction and ascites (caval dogs). The effects of unilateral renal artery infusion of a subpressor dose were also examined.
Introduction
animals independent of its effect on glomerular filtration rate (1) (2) (3) (4) (5) (6) (7) (8) administration is associated with sodium retention, whiich is generally accounted for by a decrease in glomerular filtration rate (9, 10) . In contrast, angiotensin many induce a natriuresis in patients with renovascular or malignant hypertension (10) (11) (12) (13) or cirrhosis with ascites (9) . In normal dogs the administration of angiotensin may be associated with either an increase or decrease in renal sodium excretion, depending upon the dose and such experimental conditions as the use of anesthesia or the presence of an osmotic diuresis (5, 7, 8, 14, 15) . Preliminary experiments reported from this laboratory have demonstrated that dogs with thoracic inferior vena cava constriction and ascites (caval dogs) have a considerably greater natriuretic response to angiotensin than normal dogs (16, 17) . This finding is also suggested in the report of Cannon et al. (14) .
In the present experiments the difference in the natriuretic response of normal and caval dogs to the intravenous infusion of a pressor dose of angiotensin was examined under various experimental conditions by standard clearance techniques in an attempt to delineate the factors that influence the magnitude of this response. In addition, a subpressor dose of angiotensin was infused directly into one renal artery of normal and caval dogs in order to evaluate the role of the systemic pressor action on renal sodium excretion more precisely. The tubular site of action of angiotensin was also explored by examining the effects on urine concentration and dilution.
Methods
All experiments were performed on either normal female dogs or dogs with constriction of the thoracic inferior vena cava and ascites (18) weighing 12-25 kg. All dogs, except those on a low salt diet, were fed a standard kennel ration containing 50-60 mEq of sodium per day. Six groups of experiments were performed under hydropenia or water diuresis.
Hydropenia. Group I consisted of 12 normal and 12 caval dogs. 48 hr before each experiment the animals were deprived of all food and water, and 16 hr before the study each dog received 5 U of vasopressin tannate in oil intramuscularly. All the dogs were anesthetized with sodium pentobarbital (30 mg/kg) administered intrave- nously. An endotracheal tube was then inserted and connected to a mechanical respirator supplying 100% oxygen.
The urinary bladder was catheterized with a number 16 Foley catheter and double air washouts were used to insure complete emptying of the bladder. Blood samples were obtained through a Cournand needle secured into a femoral artery. In most of the experiments femoral blood pressure was monitored with a Statham transducer (Statham Instruments, Inc., Los Angeles, Calif.) and Sanborn recorder (Sanborn Co., Waltham, Mass.).
After initial blood and urine samples were obtained, priming doses of inulin and p-aminohippurate (PAH) were administered, followed by a sustaining infusion of these substances in 10%o mannitol in amounts calculated to maintain the blood level of inulin at 25 mg/100 ml and PAH at 2 mg/100 ml. Aqueous pitressin, sufficient to deliver 50 mU/kg hr, was also added to this infusion which was administered by a constant infusion pump at 3 ml/ min. The modest mannitol diuresis was produced during these hydropenic experiments because of the difficulty in interpretation of changes in solute-free water reabsorption (TeH2o) at very low rates of solute clearance (Co.m) (19) and because it permitted the examination of TCH:O over a range of Cosm. Urine samples were collected every 10 min and blood specimens were drawn at appropriate intervals. After achieving a steady state (three 10-min clearance periods with less than 5%o variation in urine flow), angiotensin II 1 was added to the sustaining infusion in an amount sufficient to deliver 0.1 ,ug/kg min. Additional urine samples were taken at 10-min intervals for a minimum of 60 min.
Group II consisted of eight normal and eight caval dogs studied after 1 wk of salt depletion2 in a manner similar to that used for group I. Salt depletion was induced by providing a diet containing less than 10 mEq of sodium per day for 7 days along with a daily intramuscular injection of 1 ml of meralluride for the first 4 days of the diet to insure a period of negative sodium balance.
In group III the effects of a progressive mannitol diuresis were examined in nine caval dogs. These animals were prepared as described in group I. After priming doses, appropriate amounts of inulin, PAH, and aqueous pitressin were infused in 0.9% saline at 0.5 ml/min. After equilibration, 10% mannitol was infused at progressively increasing rates until a urine flow of 15 ml/min was attained. Urine and blood samples were taken as previously described.
Water diuresis. In group IV, five normal and eight caval dogs were studied during water diuresis. All food was withdrawn 16 hr before the experiment but water was permitted ad lib. On the morning of the experiment an oral water load amounting to 5% of body weight was administered by a gastric tube. 1 hr later the animals were anesthetized with 2.5% sodium pentothal (1 ml/kg intravenously). Endotracheal intubation, urinary bladder catheterization and emptying, femoral artery blood sampling, and blood pressure monitoring were performed as described for group I. After initial blood and urine sam-1 Hypertension-Ciba (1-L asparaginyl-5-1 valyl angiotensin octapeptide), generously supplied by Dr In group V, eight normal and five caval dogs were prepared and studied in the same manner as in group IV except that the sustaining solution of 0.45%o saline was infused at the higher rate of 1.25 ml/kg min in order to achieve a saline diuresis.
In group VI, a subpressor dose of angiotensin was infused directly into the left renal artery of five normal and five caval dogs under hydropenic conditions. These animals were prepared as described for group I except that both ureters were catheterized through a midline suprapubic incision and a 23 gauge Similarly, fractional solute excretion, fractional solutefree water reabsorption, and fractional solute-free water excretion were calculated from Cosm/Cin X 100, TCH2o/ C1n X 100, and CH20/CIn X 100, respectively. Fractional distal sodium load was calculated as CNa + CH2o/CI X 100. Significance was tested by standard statistical analysis.
Results
During the first postangiotensin collection period, a decrease in fractional sodium excretion was observed in all the experiments, usually accompanied by a fall in GFR. Thereafter two patterns of response were noted. Either sodium excretion returned toward the control level or a distinct natriuresis was observed with the maximal natriuretic effect occurring 20-30 min after the start of (±40.3) (±40.3) ( ± 13) ( ± 10) (±-0.5) (±-0.9) (±i4.6) (±+19) (±44) Hydropenia. These results are summarized in Fig. 1 Hydropenia-salt depletion. These results are summarized in Fig. 2 and Table I . With salt restriction both groups of animals sustained a 10%o decrease in body weight. In normal dogs there was a loss of the natriuretic response to angio-tensin, whereas in caval dogs a brisk natriuresis was still evident although the increase in CNa/Cln of 6.0%o was slightly less than the 7.9%o increase obtained in caval dogs on a regular salt intake. This difference was not statistically significant (P > 0.3). TCHIo decreased slightly in normal dogs, whereas a marked fall in TCH0 occurred in caval dogs with five of the eight animals excreting a dilute urine. CIn did not change in normal dogs and increased 6.5%o in caval dogs. CPAH decreased in both groups, 15% in normal dogs and 9.2% in caval dogs. Salt restriction resulted in a marked reduction in the pressor response to angiotensin in both normal and caval dogs, with mean blood pressure increasing only 18 mm and 32 mm mercury, respectively. These responses were significantly lower than in group I (P < 0.05).
Progressive mannitol diuresis. In Fig. 3 In Fig. 6 fractional free water excretion is plotted against fractional distal sodium load in caval dogs during both water and hypotonic saline diuresis. In this graph all the clearance periods before and after angiotensin administration are shown. It is evident that in spite of a marked increase in the amount of sodium reaching the diluting segment (as approximated by distal sodium load), free water excretion is limited to approximately 10%o of the filtration rate after angiotensin.
Renal artery infusion of angiotensin. These results are summarized in Table III and Fig. 7 . The infusion of a subpressor dose of angiotensin into the left renal artery of normal dogs resulted in a variable effect on sodium excretion. Three of the five dogs demonstrated an ipsilateral natriuresis, with CNa/CIn increasing 0.6%o for the group, whereas on the control side there was no change in fractional sodium excretion. TCH2o did not change on either side. In five caval dogs an ipsilateral natriuresis was observed in each instance with CNa/CIn increasing 4.8%o. On the control side fractional sodium excretion decreased 0.5%o. Associated with the natriuresis on the -experimental side, TCHBo/CIn decreased 1.4%o, whereas it increased 0.8% on the control side. C1. de- $ Represents an approximation of fractional distal sodium load. § The mean blood pressure for the angiotensin period represents the maximal mean blood pressure observed in response to angiotensin and not the blood pressure recorded during the period of maximal sodium excretion. degree of blood pressure elevation produced by systemic administration of angiotensin. Only in salt-depleted normal dogs and in normal dogs undergoing a saline diuresis did it appear that the systemic pressor action of angiotensin played a role (Tables I and II) . Nevertheless, it seems clear that angiotensin has a direct renal action independent of an extrarenal circulatory alteration.
Whether the renal effect of angiotensin is due to direct interference with a sodium transport system in the tubule or mediated by an alteration in intrarenal hemodynamics is not clear. Although both proposals are possible, the latter seems more compatible with the known vasoactive properties of angiotensin. Accordingly, it is possible that the increased natriuretic response in both normal and caval dogs during water diuresis compared to the hydropenic state and the further augmentation during hypotonic saline diuresis may be related to an alteration in intrarenal hemodynamics. In this regard, an increase in medullary blood flow has been demonstrated during these diuretic states (26, 27) . Therefore, it may be conjectured that water and saline loading condition the kidney to the natriuretic action of angiotensin by their effects on intrarenal blood flow in addition to attenuating or preventing the fall in GFR and ERPF. It may be further postulated that dogs with thoracic inferior vena cava constriction and ascites have a similar alteration of intrarenal blood flow (perhaps due to extracellular volume expansion which also occurs during water and saline loading) accounting for the augmented natriuretic response to angiotensin in these dogs.
The consistent increase in potassium excretion as sodium excretion increased (Tables I and II) places the action of angiotensin proximal to the sodium-potassium exchange site in the distal tubule. In an attempt to localize the site of action of angiotensin more precisely, we performed the present experiments under maximal hydropenia or water diuresis so that the effects on TCH2o and CH2O could be assessed. During hydropenia the natriuresis noted in normal dogs and the decrease in TcH20 were too small to evaluate with any confidence. In caval dogs, however, a significant decrease in TcH2o was noted after angiotensin, a decrease which correlated with the degree of natriuresis and chronologically paralleled the natriuretic effect, suggesting that the fall in TCH2O was directly related to the inhibition of tubular sodium reabsorption and not to an independent action on urine concentration.
Insofar as TCH2O is determined by medullary hypertonicity, which is dependent in large part on sodium reabsorption at the ascending limb of Henle's loop (28) (29) (30) (31) (32) , the fall in TeH20 accompanying the natriuresis in caval dogs is best explained by the inhibition of sodium reabsorption at this site. An alternate hypothesis would place the locus of action of angiotensin in the proximal tubule, with the fall in TCH2o explained by the entrance into the collecting duct of a large volume of hypotonic fluid such that TcH20 decreases even though solute-free water is abstracted at increasing rates at this site (33, 34) . This mechanism may be responsible for the fall in TCH2o and the dilute urine sometimes obtained after angiotensin in salt restricted caval dogs, where TcH2o tended to fall at relatively low rates of solute excretion even before angiotensin administration (Fig. 2) . However, it is unlikely that this mechanism accounts for the decrease in TcH2o noted in caval dogs on a regular diet, since TeH20 was usually still rising at the time of angiotensin administration, and in no experiment was a dilute urine formed (Fig. 1) . In addition, during mannitol diuresis the increased delivery of sodium to the loop of Henle was generally associated with an increase in TeH20 over the same range of Cosm associated with a fall in TCH2o when produced by angiotensin (Fig. 3) .
If the entire natriuresis observed with angiotensin was derived from the ascending limb, it might be expected that medullary hypertonicity and TcH20 formation would be largely eliminated in those experiments in which a large increase in sodium excretion was noted. In no instance, however, did this occur in caval dogs on a regular diet, including experiments in which the increase in fractional sodium excretion was 10%o or greater (Fig. 1) . This suggests that angiotensin inhibits sodium reabsorption at a site in addition to the ascending limb. On the basis of alterations in TeH20 it is not possible to distinguish between the proximal and distal tubule as the additional site in the presence of a partial block at the ascending limb.
During water diuresis and hypotonic saline diuresis angiotensin appeared to place a limit on the capacity of both normal and caval dogs to excrete free water (Figs. 4-6 ). This limitation resembles the effect of furosemide on CH2o reported by Suki et al. (35) . If Inhibition of sodium reabsorption in the proximal tubule may be explored during water diuresis by examining the effects of angiotensin on distal sodium load. If it is assumed that free water is formed primarily by the reabsorption of sodium at water impermeable segments, then the sum of CNa + CHSO can be used as an approximation of the amount of sodium leaving the proximal tubule. During water and hypotonic saline diuresis distal sodium load increased in every instance after angiotensin, pointing to a proximal action of angiotensin. It is possible that inhibition of sodium reabsorption in the ascending limb could decrease water reabsorption from the descending limb and collecting duct (26, 35) , thereby making the sum of CNa + CH2o greater than control without a true increase in the amount of sodium leaving the proximal tubule. However, the increase in distal sodium load was almost exclusively due to an increase in sodium clearance which frequently exceeded 20% of the filtered load after angiotensin.
Although this degree of natriuresis might still be accounted for by a block at the diluting segments, it seems unlikely that CH2o could be maintained at 8-10%o of the glomerular filtrate when more than 20% of the filtered sodium was excreted if the inhibition occurred at the diluting segments only. Thus, by examining the effects of angiotensin on water excretion during hydropenia and water diuresis, it is concluded that in the dog angiotensin inhibits sodium reabsorption in the proximal tubule and ascending limb of Henle's loop.
In normal and caval dogs the effect of angiotensin on CH2o was essentially the same. This could indicate a similar degree of block at the diluting segment with the greater natriuretic effect of angiotensin in caval dogs derived primarily from a greater degree of interference with sodium reabsorption in the proximal tubule. Since an increase in proximal tubular sodium reabsorption has been demonstrated after constriction of the thoracic inferior vena cava (36) , it is possible that the greater natriuresis in caval dogs is due, in part, to the antagonism of this salt-retaining mechanism by angiotensin.
